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Abstract Meandering channels formed by geophysical ﬂows (e.g., rivers and seaﬂoor turbidity currents)
include the most extensive sediment transport systems on Earth. Previous measurements from rivers show
how helical ﬂow at meander bends plays a key role in sediment transport and deposition. Turbidity currents
differ from rivers in both density and velocity proﬁles. These differences, and the lack of ﬁeld measurements
from turbidity currents, have led to multiple models for their helical ﬂow around bends. Here we present the
ﬁrst measurements of helical ﬂow in submarine turbidity currents. These 10 ﬂows lasted for 1–10 days, were
up to ~80 m thick, and displayed a consistent helical structure. This structure comprised two vertically
stacked cells, with the bottom cell rotating in the opposite direction to helical ﬂow in rivers. Furthermore, we
propose a general model that predicts the range of helical ﬂow structures observed in rivers, estuaries, and
turbidity currents based on their density stratiﬁcation.
1. Introduction
Extensive submarine channels transport billions of tonnes of sediment for hundreds of kilometers, to form
vast sedimentary deposits (called submarine fans) in the deep sea (Normark, 1970; Savoye et al., 2009;
Shepard, 1933). The largest submarine fans are fed by highly sinuous submarine channels, suggesting that
meander bends may enhance sediment transport distances (Pirmez & Imran, 2003; Straub et al., 2008).
Submarine channels host powerful but episodic sediment-laden gravity currents called turbidity currents.
Individual turbidity currents can transport more sediment than the annual ﬂux from rivers worldwide
(Talling et al., 2007). There are few direct observations of deep-sea turbidity currents (Cooper et al., 2016;
Khripounoff et al., 2003; Talling et al., 2015; Vangriesheim et al., 2009). Before collection of this data set
(Azpiroz-Zabala et al., 2017; Cooper et al., 2013), there were no detailed (subminute) measurements from
within a meander bend in the deep sea. Instead, our understanding of meandering deep-sea channels was
based on laboratory-scale experiments and numerical modeling, or on comparisons to rivers, estuaries,
and saline density ﬂows.
Rivers, estuaries, and saline underﬂows display a helical ﬂow structure when passing through a bend, which
can be broken into downstream and cross-stream components (Nidzieko et al., 2009; Parsons et al., 2010;
Rozovskii, 1957; Sumner et al., 2014). The helical structure results from competing forces that drive the ﬂow
around a bend. Centrifugal acceleration drives ﬂuid outward causing superelevation of the ﬂow surface at the
outer bend (Rozovskii, 1957; Thorne et al., 1985). Superelevation of the ﬂow surface causes a pressure gradi-
ent that pushes ﬂuid close to the bed toward the inner bend (Rozovskii, 1957; Thorne et al., 1985). Because
the densest ﬂuid in a stratiﬁed ﬂow is near the bed, this inwardly directed pressure gradient can cause dense
ﬂuid to accumulate at the inner bend resulting in lateral stratiﬁcation of the ﬂow. Lateral stratiﬁcation within
the ﬂow causes lateral pressure gradients; in particular, if dense ﬂuid collects near the inner bend, then this
will produce a near-bed pressure gradient that pushes ﬂuid back toward the outer bend (Nidzieko et al., 2009;
Sumner et al., 2014). The magnitude and rotation direction of helical ﬂow cells is determined by the relative
strengths of the above forces, which depend on the speciﬁc velocity and density structure of a ﬂow and how
this structure evolves around the bend. Helical ﬂow is important because it strongly inﬂuences erosion and
deposition within a channel and is thus a fundamental control on how channels evolve (Peakall et al.,
2000; Rozovskii, 1957; Thorne et al., 1985).
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Previous work has demonstrated that the helical structure can vary in two key ways. First, it can vary in the
direction of rotation. Second, there can be a single helix (i.e., one rotating cell) or multiple helices stacked
on top of one another (Corney et al., 2006, 2008; Imran et al., 2008). Helical circulation in rivers is dominated
by a single helix that rotates in a clockwise direction when looking downstream through a left-hand bend.
(Rozovskii, 1957; Thorne et al., 1985). Initial numerical models for turbidity currents suggested that helical cir-
culation is similar to that in a river bend (Kassem & Imran, 2004). However, the ﬁrst physical experiments of
helical circulation in turbidity currents showed an opposite direction of rotation—with the near-bed ﬂow
moving toward the outer bank (Corney et al., 2006; Keevil et al., 2006). To complicate matters further, both
directions of helical circulation (river like and river reversed) have subsequently been observed in turbidity
current experiments and models, depending on ﬂow conditions and channel morphology (Abad et al.,
2011; Bolla Pittaluga & Imran, 2014; Cossu & Wells, 2010; Dorrell et al., 2013; Ezz & Imran, 2014; Giorgio
Serchi et al., 2011; Huang et al., 2012; Imran et al., 2007; Islam & Imran, 2008; Janocko et al., 2013).
Flow around bends in well-mixed estuaries show a river-like basal helical circulation, while stratiﬁed estuaries
and saline ﬂows are river reversed (Nidzieko et al., 2009; Wei et al., 2013). In stratiﬁed ﬂows, across-ﬂow varia-
tion in stratiﬁcation (i.e., ﬂow density) sets up an additional lateral pressure gradient that is thought to play a
key role in determining the direction of the ﬂow rotation (Nidzieko et al., 2009; Sumner et al., 2014). Such
stratiﬁcation-triggered pressure gradients have been suggested to be important for turbidity currents, which
are density stratiﬁed because of vertical variations in sediment concentration (Peakall & Sumner, 2015;
Sumner et al., 2014). This hypothesis remains untested because of a lack of ﬁeld-scale observations of
turbidity currents.
Here we present the ﬁrst direct measurements of turbidity currents at a meander bend in the ocean, includ-
ing 10 ﬂows with varying ﬂow conditions. We use these data to determine the rotation direction of helical
ﬂow within these turbidity currents. This provides the ﬁrst ﬁeld test of existing numerical and experimental
models. Second, we determine how ﬂow structure varies with ﬂuctuating ﬂow properties and discuss the
implications for the morphological evolution of submarine channel bends. Finally, we compare our results
with existing ﬁeld measurements in other geophysical ﬂows and propose a general model for helical ﬂow
structure across a wide range of geophysical ﬂows including rivers, saline density ﬂows, and
turbidity currents.
2. Study Area
Our data were recorded at 2,000 m water depth in the Congo Canyon (Azpiroz-Zabala et al., 2017; Cooper
et al., 2013). The Congo Canyon is the proximal part of one of the largest submarine channel systems on
Earth, which is fed directly by the Congo River (Heezen et al., 1964). The submarine channel extends for over
1,000 km, from the continental shelf to its ﬁnal termination at 5,000 m water depth (Heezen et al., 1964;
Khripounoff et al., 2003). The upper part of the Congo Canyon has a meandering planform with tight bends,
a deeply incised thalweg, and numerous terraces (Figure 1). The Congo Canyon is a highly active system in
the present day. Several turbidity currents occur each year in the upper canyon, based on cable breaks
(Heezen et al., 1964) and direct ﬂow measurements (Azpiroz-Zabala et al., 2017; Cooper et al., 2013, 2016;
Khripounoff et al., 2003).
3. Methods
This data set represents the ﬁrst detailed direct measurements of turbidity currents in the deep ocean
(Azpiroz-Zabala et al., 2017; Cooper et al., 2013). Ten ﬂows were measured, with durations ranging from
8 h to over 9 days. Flow thicknesses varied from 16 m to 75 m, and ﬂow velocities reached up to 2.3 m/s
(Azpiroz-Zabala et al., 2017).
The data were collected using a 300 kHz acoustic Doppler current proﬁler (ADCP) anchored downstream of a
meander bend in the Congo Canyon (Figure 1). The ADCP emits acoustic signals into the water column and
computes averaged ﬂow velocities over the acoustic footprint based on the Doppler shift (see supporting
information). The ADCP was downward looking and moored 85 m above the seaﬂoor from December
2009 to March 2010 (Figure 1). Velocities were measured every 5 s and vertically averaged over 2 m high grid
cells called bins (Cooper et al., 2013).
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We deduce the helical circulation from the vertical velocity proﬁles measured by the ADCP by calculating
primary and secondary velocities. We deﬁne primary velocity as follows. First, we evaluate the ﬂow direction
for each ADCP velocity measurement binned by depth and average the velocities in this vertical proﬁle to
obtain the mean ﬂow velocity direction. The primary velocity is then the component of velocity parallel to
the mean velocity direction. We then deﬁne secondary velocity as the component of the velocity measure-
ments perpendicular to the mean velocity direction (Rozovskii, 1957). In a similar way to previous studies
of helical ﬂows made with single moorings, we use the secondary velocity to infer the helical ﬂow structure
(Nidzieko et al., 2009). The sign of the secondary velocity represents the direction of the secondary ﬂow
captured by the ADCP with positive values directed toward the outer bend and negative values toward
the inner bend. The Rozovskii deﬁnition of secondary circulation assumes that the total outward directed
velocity balances an equal total inward directed velocity. These secondary ﬂow vectors deﬁne circulation cells
that provide a two-dimensional view of the helical ﬂow in the across-ﬂow section (Figure 2).
The ADCP data were processed using the following steps (see supporting information for more detail):
1. Data were linearly interpolated from velocities of 0 m/s at the seabed to the velocity value of the lowest
reliable measurement at 5 m above the seaﬂoor (side lobe interference area, see supporting information).
2. The thickness of the ﬂow is calculated following the integral relation by Ellison and Turner (1959).
3. The resultant vertical velocity proﬁles were depth averaged to obtain the average ﬂow velocity and depth.
4. Primary and secondary velocities were calculated respectively as parallel and perpendicular to this aver-
age ﬂow direction using the Rozovskii method (Rozovskii, 1957).
5. Results were averaged over 30 min to reduce sampling deviation of measurements.
6. Proﬁles inﬂuenced by tidal currents with magnitudes approaching that of the secondary circulation velo-
cities were removed.
7. Patterns of helical ﬂow were analyzed by arranging the data by ﬂow thickness.
4. Results
We visualize and quantify helical ﬂow in ﬁeld-scale turbidity currents (Figure 2). The 10measured ﬂows vary in
maximum thickness, duration, and primary velocity. Surprisingly, despite these variations, the secondary cir-
culation pattern remains consistent among most ﬂows (i.e., those 28–52 m thick; Figure 3). The secondary cir-
culation comprises two vertically stacked cells, and this structure is independent of primary velocity and ﬂow
Figure 1. Location of the ADCP in the Congo Canyon. (a) Map of the Congo Canyon showing the study area (rectangle), with bathymetric contours in meters. (b)
Detailed map showing the location of the instrumented mooring (green circle). Bold line indicates cross-canyon proﬁle in Figure 1c. I and O denote the inner
bend and outer bend, respectively. (c) Cross-canyon proﬁle at deployment location showing acoustic Doppler current proﬁler (ADCP) suspended 85 m above the
canyon ﬂoor.
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thickness (Figure 3). The lower cell rotates in a river-reversed direction, counterclockwise when looking
downstream, while the upper cell has the opposite rotation direction (Figure 2). In ﬂows thinner than
28 m, the lower half of the bottom cell lies within the side lobe interference area and thus is not imaged
accurately (see supporting information). Flows thicker than 52 m appear to lack a consistent two-cell
pattern; this results from having few (<3) proﬁles with these thicknesses, and thus individual proﬁles
having a disproportionate impact on the average pattern (Figure 3).
Figure 2. Primary (top) and secondary (bottom) velocities for three events recorded in the Congo Canyon. (a) Flow 1 is the longest duration ﬂow. (b) Flow 4 shows the
most stable secondary circulation structure. (c) Flow 10 is the fastest ﬂow entirely recorded. Yellow lines in secondary velocity panels indicate height above the
seabed (asb) of maximum velocity. Areas of side lobe interference are shaded at the bottom of each panel. Blank areas in secondary velocity panels deﬁne tidal
currents (see supporting information).
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The average normalized secondary ﬂow proﬁle has maximum velocities from 0.02 to 0.09 m/s, which are
2–5% of the corresponding primary ﬂow velocity. The same two-cell pattern holds for thinner ﬂows
(28–34 m thick); however, the magnitude of secondary circulation is lower. In all cases, the center of the low-
ermost circulation cell corresponds to the height of the maximum primary velocity.
Figure 3. Proﬁles of the event-averaged primary and secondary velocity, which are ordered by ﬂow thickness. (a) Event-averaged secondary velocity proﬁles
arranged by their ﬂow thickness. (b) Average of proﬁles shown in Figure 3a. Red colors denote positive secondary velocities, toward the outer bend. Blue colors
denote negative secondary velocities, toward the inner bend. (c) Event-averaged primary velocity proﬁles arranged by their ﬂow thickness. (d) Depth-normalized
primary velocity proﬁle, and (e) depth-normalized secondary velocity proﬁle constructed by averaging over all available measurements. Normalization has been
calculated according to ﬂow depth and might bias averaged velocities toward faster velocities. Masb in x axis in Figures 3a–3c denotes meters above seabed. The
yellow stars in Figures 3b and 3c indicate the height of the maximum primary velocity. Proﬁles in side lobe interference area are shown in gray. Horizontal gray line
marks the top of side lobe interference area.
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5. Discussion
5.1. Observations of Turbidity Currents Are Consistent With Previous Models of Stratiﬁed Saline Flows
Circulation cells form predominantly by the interaction of competing pressure gradients (Figures 4a–4c). In
river-like circulation, centrifugal forces drive superelevation of the ﬂow at the outer bend, generating a
pressure gradient that drives near-bed ﬂow toward the inner bend. River-like circulation can occur in density
currents despite their near-bed velocity maximum because centrifugal acceleration moves the velocity
maximum upward and outward (Sumner et al., 2014). In stratiﬁed saline density ﬂows, an additional counter-
acting pressure gradient is generated by dense ﬂuid accumulating near the inner bend, which sets up a
lateral pressure gradient that drives near-bed ﬂow toward the outer bend (Figures 4a and 4b) (Nidzieko et al.,
2009; Sumner et al., 2014; Umlauf & Arneborg, 2009). Such lateral pressure gradients may be enhanced by
lateral velocity variations (Eggenhuisen & McCaffrey, 2012a). If the stratiﬁcation-triggered pressure gradient
dominates, then near-bed ﬂuid is forced back toward the channel axis causing a river-reversed direction of
rotation (Nidzieko et al., 2009; Sumner et al., 2014; Umlauf & Arneborg, 2009). It was hypothesized that this
mechanismmight apply to sediment-laden turbidity currents (Sumner et al., 2014)—we provide the ﬁrst ﬁeld
data to support this.
5.2. Application of Saline Flow Model to Our Observations
Our measurements were collected downstream from a bend apex (Figure 1). Therefore, the measurements
are the result of evolving processes operating within the bend. As the ﬂow travels around the bend, it experi-
ences a centrifugal force that causes ﬂow superelevation at the outer bend, generating a pressure gradient
toward the inner bend (Figure 4a). This generates a single, river-like cell that pushes suspended sediment
toward the inner bend. Accumulation of sediment-laden ﬂuid at the inner bend causes a lateral pressure
gradient that opposes the ﬂow of sediment-laden ﬂuid toward the inner bend (Figure 4b). In our observations
just downstream of the apex, the centrifugal acceleration decreases, and therefore the inwardly directed
pressure gradient (caused by superelevation) decreases. Thus, the outwardly directed pressure gradient
(caused by stratiﬁcation) equals the original superelevation-driven force. Cross-stream near-bed ﬂow must
stop before switching to become outwardly directed as the centrifugal forces start to decrease (Figure 4c).
Our suggested model contrasts with earlier models that proposed that switching of secondary ﬂow direction
occurred between bends (Giorgio Serchi et al., 2011; Peakall & Sumner, 2015). Also, rather than reversing the
original direction of the ﬂow cell, this process spawns a new river-reversed near-bed ﬂow cell, which is
located beneath the original river-like ﬂow cell (Nidzieko et al., 2009). This produces the observed two-cell
structure. The upper cell is driven by pressure gradients due to ﬂow superelevation. The lower cell is driven
by pressure gradients due to lateral stratiﬁcation (Figures 2 and 3). The thickness of the bottom cell is
controlled by the height that sediment is elevated when pushed toward the inner bend. We observe correla-
tion between the heights of maximum downstream velocity and the center of the bottom cell. This probably
results from difﬁculties in mixing sediment across the low turbulence zone around the velocity maximum in
turbidity currents (Eggenhuisen & McCaffrey, 2012b).
5.3. A General Model for Helical Flow
In this section, we extend the above model to predict helical ﬂow structure in a diverse array of geophysical
ﬂows, ranging from rivers to saline density ﬂows and turbidity currents.
All ﬂows experience centrifugally driven superelevation of their upper surface that creates a pressure gradi-
ent causing river-like helical ﬂow (Figure 4a). This can cause accumulation of dense ﬂuid or sediment toward
the inner bend, which creates lateral stratiﬁcation and causes an opposing pressure gradient back toward the
outer bend (Figure 4b). We suggest that three potential scenarios exist (Figures 4d–4f), depending on which
of these two pressure gradients dominate.
In scenario A (Figure 4d), a single weak river-like cell arises. The centrifugally driven pressure gradient
displaces sediment to the inner bend as bed load but has insufﬁcient energy to suspend the sediment.
Therefore, there is no lateral stratiﬁcation-driven pressure gradient back across the channel axis. We propose
that scenario A occurs in bed load-dominated rivers and coarse-grained turbidity currents, and deposits point
bars at the inner bend apex (Bagnold, 1977; Thorne et al., 1985).
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In scenario B (Figure 4e), a single river-like cell is created. However, in this case the centrifugally driven
pressure gradient is sufﬁcient to move and suspend sediment at the inner bend. This results in a lateral
stratiﬁcation-driven pressure gradient that is smaller than the centrifugally driven pressure gradient. Thus,
sediment remains in suspension and follows the streamlines of the circulation cell, causing overturning
and mixing. We propose that scenario B occurs in well-mixed ﬂows such as suspension-dominated rivers
and saline ﬂows, where sediment remains suspended with no deposition (Chikita, 1989; Nidzieko et al., 2009).
Figure 4. Schematic summary of secondary circulation patterns around a bend and their controls. Secondary circulation patterns result from competition between
two main pressure gradients present in ﬂows in bends. (a) Pressure gradient due to the water surface superelevation against the outer bend set up by centrifugal
forces, and (b) pressure gradient due to stratiﬁcation gradients in a density-stratiﬁed ﬂow. Arrows denote resulting secondary ﬂow patterns. Red denotes ﬂow toward
outer bend, and blue denotes ﬂow toward inner bend, as in other ﬁgures. (c) Combination of secondary circulation cells due to superelevation and stratiﬁcation
pressure gradients in Figures 4a and 4b. Panel shows secondary circulation cells for two scenarios. The ﬁrst scenario (c1) is when the pressure gradient due to
superelevation is dominant, and the second scenario (c2) is when the pressure gradient due to density stratiﬁcation is dominant. Schematic summaries of resultant
secondary velocity around a bend. (d) Model for most rivers and coarse turbidity currents (scenario A), (e) model for well-mixed ﬂows (scenario B), and (f) model for
stratiﬁed ﬂows (scenario C). Thickness of secondary circulation arrows denotes intensity of the ﬂow.
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In scenario C (Figure 4f), two circulation cells are formed, with the lowermost cell showing river-reversed
behavior. Here the centrifugally driven pressure gradient pushes sediment toward the inner bend. This stra-
tiﬁcation generates a lateral pressure gradient back across the channel. When the stratiﬁcation-triggered
pressure gradient is larger than the superelevation-triggered pressure gradient, cross-stream ﬂow slows
down and momentarily stops (Figures 4c and 4f). As the superelevation-generated pressure gradient
decreases beyond the bend apex, the lateral pressure gradient due to sediment stratiﬁcation causes
suspended sediment to ﬂow back toward the channel axis. This generates a new helical ﬂow cell, beneath
the original cell. This bottom cell is river-reversed and is initiated just downstream of the bend apex
where centrifugal forces decline. Above the new lower cell, the original river-like cell continues to rotate
(Figure 4f). We propose that scenario C occurs in strongly stratiﬁed rivers, saline ﬂows and turbidity currents,
and sediment deposits downstream of the bend apex (Chikita, 1989; Darby & Peakall, 2012; Nidzieko et al.,
2009; Parsons et al., 2010; Wei et al., 2013).
5.4. Application of the General Model to a Range of Geophysical Flows
Our newmodel differs from previous models (Dorrell et al., 2013; Giorgio Serchi et al., 2011; Peakall & Sumner,
2015) with respect to (i) the location in the channel system where a second basal cell develops and (ii) the
importance of conﬁnement in secondary circulation. In addition, our new model predicts the helical ﬂow
structure across a diverse array of particle-laden or saline ﬂow types.
Previous work suggested that the rotation direction of secondary circulation is constant around an individual
bend and only changes its rotation direction between adjacent bends (Giorgio Serchi et al., 2011). Here we
propose that this hypothesis holds for the upper helical ﬂow cell, which is governed by centrifugal forces.
However, when a lower helical ﬂow cell develops, this reversed ﬂow cell is generated just downstream of
the bend apex. Second, we propose that the level of conﬁnement of the channel systems plays an important
role in secondary circulation. In conﬁned systems, sufﬁciently stratiﬁed ﬂows will show an upper river-like
helical ﬂow cell. However, in unconﬁned systems this upper cell may overspill and thus destroy itself, leading
to a single river-reversed basal circulation cell (Dorrell et al., 2013).
This new general model can be applied to a large range of ﬂows, from coarse-grained rivers to saline density
ﬂows. Here we discuss the implications of the model for understanding the architecture and the evolution of
submarine channels. We consider the behavior of multiple turbidity currents with the same size and stratiﬁ-
cation traveling through an evolving submarine channel. We hypothesize that stratiﬁed turbidity currents will
behave according to scenario C of our model. In this case, near-bed ﬂow is driven toward the outer bend by
pressure gradients generated by density stratiﬁcation within the ﬂow. Previous studies suggested (Peakall
et al., 2000) that this type of secondary ﬂow causes sediment to be deposited as point bars located down-
stream of bend apices. These point bars would increase the meander curvature, thus increasing the centrifu-
gal forces and superelevation experienced by subsequent turbidity currents. However, once the pressure
gradient toward the inner bend generated by superelevation exceeds the pressure gradient toward the outer
bend generated by lateral stratiﬁcation, then ﬂow would switch to scenario B. In this case, near-bed ﬂow is
driven toward the inner bend by centrifugally driven pressure gradients. These pressure gradients exceed
the lateral stratiﬁcation-driven pressure gradients. As a consequence, the helical ﬂow overturns sediment
in suspension, thereby resulting in no deposition. At this point, the channel would cease meandering and
its planform would become locked for ﬂows of such size and stratiﬁcation.
The largest submarine fans on Earth are fed by meandering channel systems. We propose that helical circula-
tion around bends causes sediment to slosh from side to side or be overturned continuously, thereby helping
to keep the sediment suspended over long distances. Together with ﬂuid turbulence, helical ﬂow thus plays a
role in the extraordinary ability of turbidity currents to transport very large quantities of sediment for
hundreds of kilometers.
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